Most of the iron in legume seeds is stored in ferritin located in the amyloplast, which is used during seed germination. However, there is a lack of information on the regulation of iron by phytoferritin. In this study, soluble and insoluble forms of pea (Pisum sativum) seed ferritin (PSF) isolated from dried seeds were found to be identical 24-mer ferritins comprising H-1 and H-2 subunits. The insoluble form is favored at low pH, whereas the two forms reversibly interconvert in the pH range of 6.0 to 7.8, with an apparent pK a of 6.7. This phenomenon was not observed in animal ferritins, indicating that PSF is unique. The pH of the amyloplast was found to be approximately 6.0, thus facilitating PSF association, which is consistent with the role of PSF in long-term iron storage. Similar to previous studies, the results of this work showed that protein degradation occurs in purified PSF during storage, thus proving that phytoferritin also undergoes degradation during seedling germination. In contrast, no degradation was observed in animal ferritins, suggesting that this degradation of phytoferritin may be due to the extension peptide (EP), a specific domain found only in phytoferritin. Indeed, removal of EP from PSF significantly increased protein stability and prevented degradation under identical conditions while promoting protein dissociation. Correlated with such dissociation was a considerable increase in the rate of ascorbate-induced iron release from PSF at pH 6.0. Thus, phytoferritin may have facilitated the evolution of EP to enable it to regulate iron for storage or complement in seeds.
Iron is an essential element for life, and its ability to form complexes, such as heme and iron-sulfur clusters in proteins and diiron enzymes, endows the cell with a variety of functions (Harrison and Arosio, 1996) . However, free iron is toxic, because it facilitates the generation of highly reactive oxygen species that can damage cellular constituents. Therefore, iron homeostasis needs to be strictly controlled to avoid deficiency and toxicity, which are both known to dramatically impair the physiology of animals and plants, consequently affecting their development and growth.
Ferritins are a class of intracellular iron storage and detoxification proteins that catalyze the oxidation of toxic ferrous ions by molecular oxygen or hydrogen peroxide to form a hydrous ferric oxide mineral core (Harrison and Arosio, 1996; Zhao, 2010) . The importance of these proteins is reflected by their wide distribution throughout the animal, plant, and microbial kingdoms. Animal ferritins are generally heteropolymers composed of 24 subunits of two types, namely H and L, that assemble into a nearly spherical shell characterized by a 432-point symmetry. The diiron ferroxidase center located on the H-subunit of the mammalian protein is responsible for rapid Fe 2+ oxidation, which consists of A and B iron-binding sites of conserved amino acid ligands His-65, Glu-27, Glu-107, and Glu-62. H-bonding residues, Gln-141 and Tyr-34, are nearby. In contrast, the L-subunit lacks such a ferroxidase center but contains a putative nucleation site consisting of a cluster of negative Glu-53, Glu-56, and Glu-57, which appears to be important for slower iron oxidation and mineralization (Crichton et al., 1996) . The shape of either the H-or L-subunit is nearly cylindrical and composed of a four-a-helix bundle containing two antiparallel helix pairs (A, B and C, D) connected by a long nonhelical stretch, the BC loop (located between B-and C-helices). A fifth short helix (E-helix) lies at one end of the bundle, 60°to its axis (Harrison and Arosio, 1996) .
Although plant and animal ferritins arise from a common ancestor, plant ferritins exhibit various specific features as compared with animal analogs. Plant ferritins are seen in plastids, such as mitochondria in stems, chloroplasts in leaves, and amyloplasts in seeds, where iron is incorporated into the ferritin shell to form the mineral core (Laulhere et al., 1989; Waldo et al., 1995; Masuda et al., 2001; Zancani et al., 2004) , whereas animal ferritins are located in the cellular cytoplasm (Harrison and Arosio, 1996) . To date, all known phytoferritins contain only the H-type subunit but are controlled by multiple genes. Except for ferritin from Arabidopsis (Arabidopsis thaliana; Ravet et al., 2009) , naturally occurring phytoferritins from soybean (Glycine max) seed (Masuda et al., 2001) , pea (Pisum sativum) seed (Li et al., 2009a) , alfalfa (Medicago sativa) seed (Barceló et al., 1997) , and maize (Zea mays; Laulhere et al., 1988) consist of two different H-type subunits, which are designated H-1 and H-2 (26.5 and 28.0 kD, respectively), sharing approximately 80% amino acid sequence identity. The ratio of H-1 to H-2 in phytoferritin varies depending on the source (Laulhere et al., 1988; Barceló et al., 1997; Masuda et al., 2001; Li et al., 2009a) . The two subunits are synthesized from a 32-kD precursor with a unique two-domain N-terminal sequence, the "transit peptide," followed by the "extension peptide" (EP). The transit peptide is responsible for precursor targeting to plastids (Ragland et al., 1990) , after which it is cleaved from the subunit precursor, leading to the formation of the mature subunit, which assembles into a 24-mer apoferritin within plastids (Ragland et al., 1990; Lescure et al., 1991) . Thus, there are 24 EP domains per molecule of mature phytoferritin. In the case of pea seed ferritin (PSF), each EP domain is composed of 24 amino acid residues, 11 of which form a specific a-helix termed the P-helix and are flanked by Pro residues (X and L; Lobréaux et al., 1992) .
Iron oxidation at low iron flux into phytoferritin (48 or fewer iron atoms per protein shell) occurs exclusively in the diiron ferroxidase center. When the binding capacity of the diiron ferroxidase centers (48 iron atoms per protein shell) is exceeded, EP acts as a secondary binding and ferroxidase center that plays an important role in iron mineralization through reversible protein association/dissociation (Li et al., 2009a) . The resultant iron core is stored within the ferritin shell. The amount of ferritin iron accounts for approximately 92% of total seed iron content (Marentesa and Grusaka, 1998) , making it the major form of iron storage in seeds. This conclusion is supported by findings that ferritin subunits accumulate in legume seeds during maturation and remain in dry seeds (Lobréaux and Briat, 1991) . Phytoferritin then appears to be in a totally different environment compared with animal ferritin. A previous study has shown that phytoferritin iron was used during seed germination and subsequent seedling growth (Lobréaux and Briat, 1991) . However, information regarding the regulation of phytoferritin iron in seeds is still lacking up to the present. Since EP represents the major structural difference between animal and plant ferritins (Masuda et al., 2010) , this study focuses on determining whether EP domains participate in the regulation of phytoferritin iron.
This study investigates the effect of pH on ferritin association/dissociation. Transmission electron microscopy (TEM) will be used to directly observe associated PSF molecules. The stability of PSF and EP-deleted PSF during storage and protein degradation will also be evaluated in vitro. The results of this study may provide new insights into the regulation of phytoferritin iron in seeds through EP-influenced protein association/dissociation reactions.
RESULTS

Isolation and Characterization of Insoluble and Soluble Ferritin Fractions from Pea Seeds
Two main peaks were eluted in the Sephacryl S-300 gel filtration column at pH 6.8 ( Fig. 1) : peak 1 that corresponds to the higher molecular mass protein fractions 3 to 8, especially 4 to 6, and peak 2 that corresponds to the lower molecular mass fractions 13 to 15. The higher molecular mass protein fractions produced precipitate upon standing, whereas no precipitate formed in the lower molecular mass fractions. At pH 7.5, no precipitate formed in all fractions; this concurs with earlier findings (Laulhere et al., 1988) . These results suggest that precipitation is pH dependent. The precipitate could be dissolved in the higher pH Tris-HCl, pH 8.3, buffer used for PAGE (see below). Nondenaturing gel electrophoresis (native PAGE) showed that both insoluble and soluble protein fractions are purified to homogeneity and have nearly identical apparent mass values around 560 kD at pH 8.3 ( Fig. 2A) . SDS-PAGE showed that both proteins are composed of two subunits with molecular masses of 28.5 and 26.0 kD (Fig. 2B ). Densitometric analysis indicated that the 28.0-and 26.5-kD subunits are present in both soluble and insoluble protein fractions at an approximately 1:4 ratio, suggesting that the two fractions differ only in the degree of protein aggregation. To confirm this conclusion, the PMF of the 28.0-and 26.5-kD bands following in-gel trypsin digestion was acquired by matrix-assisted laser-desorption ionization time of flight mass spectrometry (MALDI-TOF-MS) using a-cyano-4-hydroxycinnamic acid as a matrix. As expected, the gel bands of the two fractions showed essentially the same PMF (Supplemental Figs. S1 and S2) and have almost the same amino acid composition (Supplemental Table S1 ). Further support for the conclusion above comes from experimental results (Table I) showing that both soluble and insoluble protein fractions have the same ferroxidase activity at low and high iron flux into protein, and the amount of iron contained in the two protein fractions is the same (approximately 1,800 iron atoms per protein shell). Moreover, the iron in the two protein fractions cannot be removed by a chelator (nitrilotriacetic acid or EDTA) upon incubation for 24 h or longer, suggesting that precipitation is not induced by ferric ions bound to the outer surface of the protein, as reported recently (Li et al., 2009a) . These findings imply that the soluble and insoluble fractions are composed of the same protein.
pH Regulation of PSF Aggregation and Dissociation
The precipitate from the insoluble protein fraction was collected, and its solubility was studied as a function of pH between 6.0 and 7.8 (Fig. 3) . The fraction shows the lowest solubility at pH 6.0, corresponding to the aggregated state, and achieves its maximal solubility at pH 7.2, corresponding to the dissociated state. Solubility curves are reversible and sigmoidal, implying some degree of cooperativity in protein aggregation (Hill coefficient of approximately 3-4; Supplemental Fig. S3) , and have an apparent pK a of 6.7 (Fig. 3) . As expected, the soluble protein fraction becomes more insoluble as pH decreases from 7.8 to 6.0; in contrast, the insoluble component becomes soluble when pH increases from 6.0 to 7.8, resulting in the same solubility profile as the insoluble protein fraction (data not shown).
The kinetics of aggregation was studied as a function of pH using stopped-flow light scattering (Fig. 4) . The intensity of light scattering remained unchanged upon rapid mixing of apoPSF in MOPS buffer (1 mM, pH 8.0) with 50 mM MOPS plus 50 mM MES buffer, pH 7.0 or 7.5, to give a final pH of 7.0 or 7.5. This indicates that no ferritin aggregation occurs at these pH values within the 3-min time frame of the stopped-flow experiment. In contrast, light scattering intensity increases rapidly and reaches a plateau 50 s after mixing of apoferritin solution with MES buffer at pH 6.5. This phenomenon became more evident at pH 6.0. These results indicate that ferritin aggregation increases as pH decreases, further supporting the solubility data showing that low pH induces protein-protein association.
Dynamic light scattering (DLS) was performed to study the induction of protein association by pH reduction. Two population sizes were observed, with their relative amounts depending markedly on pH (Fig. 5; Table II; Supplemental Fig. S4) . At pH 7.5, the primary species (98.7% of the total) has a hydrodynamic radius (R H ) of approximately 8.3 nm and an apparent molecular mass of 500 kD, corresponding to the apoPSF monomer (i.e. the 24-mer protein shell). The second population is favored by low pH and consists of rather large particles, with R H values ranging from 61.2 to 63.9 nm, corresponding to aggregates of approximately 110 to 120 monomers. DLS data further show that aggregation is strongly favored at pH 6.0, where only species with R H = 16.7 and 63.9 nm are observed, corresponding to aggregates of approx- imately four and approximately 120 monomers, respectively ( Fig. 5 ; Table II ). The small amounts of aggregates at pH 7.5 and 7.0 were more readily seen in plots of scattered light intensity versus R H (Fig. 5 ) than in plots of mass distribution versus R H (Supplemental Fig. S5 ; Supplemental Table S2 ), because larger molecules are proportionately stronger scatterers.
Autodegradation of EP-Involved PSF
The protein was allowed to stand at 4°C for 5 to 25 d to determine the stability of wild-type holoPSF. The sample buffer used consisted of 50 mM Tris-HCl containing 0.15 M NaCl at pH 7.5, because PSF exhibits good solubility at pH 7.5. As shown in Figure 6 , the two ferritin subunits began to degrade into approximately 24.5-kD polypeptide(s) after 5 d of incubation. Degradation significantly increased as incubation time increased from 5 to 25 d. Moreover, wild-type apoPSF was as unstable as wild-type holoPSF (data not shown) and likewise began to degrade from the 5th d, indicating that iron was not involved in such degradation or was at least not a main factor. Similar results were obtained using other buffers, such as MOPS or MES at pH 6.0 to 7.0 (data not shown), and protein samples from three different protein preparations/purifications, suggesting that the observed degradation is not sample/buffer/pH dependent. In contrast, such protein degradation was not observed in animal ferritins, such as HoSF and HuHF, under the same experimental conditions (data not shown).
The disparity in structure between plant and animal ferritins lies in EP (Masuda et al., 2010; Zhao, 2010) , thus raising a question of whether EP is associated with PSF autodegradation. To address this question, EP-deleted PSF was prepared by incubating wild-type PSF with a commercially available protease, Alcalase 2.4L, based on a method reported earlier (Li et al., 2009a) . The N-terminal amino acid sequences of the resulting two new subunits treated with the enzyme are listed in Supplemental Figure S6 , confirming that EP had been removed from both. The newly prepared holoPSF, which consists of 23.5-and 21.0-kD subunits, has a molecular mass of approximately 440 kD (Fig.  7A ). This new protein also contains the same amount of iron in the interior core as wild-type holoPSF (data not shown). Both EP-deleted holoPSF and apoPSF were allowed to stand at 4°C over a period of 25 d to elucidate the role of EP in PSF autodegradation. The two EP-deleted proteins were highly stable throughout the experiment compared with wild-type PSF (Fig. 7B ). This suggests that EP has a functional role that is associated with protein degradation through a certain pathway. No subunits of mass less than 23.5 Figure 3 . Solubility curves for PSF as a function of pH. A, Dissociation curve. B, Aggregation curve. The condition was holoPSF concentration = 3.0 mM. After holoferritin were dissolved in 50 mM MES plus 50 mM MOPS buffer with different pH values as indicated, the solutions were allowed to stand for 1 h at room temperature and then were centrifuged at 14,000g for 5 min. The protein concentration of the resultant supernatant was determined by the Lowry method with BSA as the concentration standard. or 21.0 kD were generated even after standing for 60 d or longer, indicating that EP itself is susceptible to degradation.
Protease-Like Activity of the EP Domain of PSF
Since both H-1 and H-2 subunits have the same EP, only one type of EP, with the sequence TTAPLTGVI-FEPFEEVKKDYLAVP, was synthesized. Its hydrolyzing activity was determined using 1,000-fold-diluted Alcalase 2.4L and bovine serum albumin (BSA) as control samples to seek direct evidence of the origin of EP degradation activity. As expected, BSA had almost no activity against the two peptides, whereas Alcalase exhibited the strongest activity among the three samples tested (Fig. 8) . In contrast to BSA, EP showed good activity against tert-butoxycarbonyl-Gln-AlaArg-7-amino-4-methylcoumarin (Boc-Gln-Ala-Arg-MCA; Fig. 8A ) and N-succinyl-Ala-Phe-Lys-MCA (Fig. 8B ). Similar to other Ser proteases (Morita et al., 1977; Guo et al., 1998) , EP also revealed a stronger activity against Boc-Gln-Ala-Arg-MCA than against N-succinyl-Ala-Phe-Lys-MCA. These results suggest that EP may act as a protease and is responsible for PSF autodegradation. Additionally, it has been found that phenylmethylsulfonyl fluoride (PMSF) is capable of preventing EP degradation, whereas other kinds of protease inhibitors, such as EDTA, pepstatin, benzamidine, and leupeptin, are not (data not shown). This suggests that EP degradation originates from its Ser protease-like activity. This is further supported by the observation that BSA is partially degraded in the presence of EP, whereas no degradation happens in the absence of EP or in the presence of EP plus PMSF under the same experimental conditions (Supplemental Fig. S8 ). Although EP has significant catalytic activity, its absolute catalytic activity is still very low, excluding its enzymology characterization.
Determination of the Amyoplast pH of PSF and Iron Oxidative Deposition in PSF
Previous studies have established that PSF is located in the amyloplast (Seckbach, 1982; Lescure et al., 1991) . To obtain insight into the status of PSF existing in this plastid, amyloplast was isolated from pea seed cotyledons during the germination and growth of seedlings as reported previously (Denyer and Smith, 1988) , followed by pH measurement. The results showed that amyloplast pH ranges from 5.8 to 6.2 at different germination times (0, 12, 36, and 72 h). Thus, protein association may be favored at low pH; indeed, TEM revealed that most wild-type PSF molecules exist in an associated state at pH 6.0 (Fig. 9A, a) . The size of the iron core in PSF molecules at pH 6.0 is approximately 8 nm in diameter, similar to that of animal ferritin (Douglas and Stark, 2000) .
Since the amyloplast pH is around 6.0, iron oxidative position in PSF was investigated likewise at pH 6.0 at low (48 iron atoms per shell) and high (200 iron atoms per shell) iron fluxes into ferritin (Supplemental Fig. S7 ). When 24 mM Fe 2+ was used, the initial rate of iron oxidation in the presence of PSF was 0.23 6 0.4 mM s
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, which is approximately 1,000-fold that in the absence of PSF (0.00022 6 0.00004 mM s 21 ). The 7.5 8.3 6 1.5 98.7 6 2.0 500 6 100 1 6 0.2 7.0 9.6 6 1.1 97.2 6 1.1 690 6 110 1 6 0.3 61.2 6 2.5 2.8 6 1.1 55,800 6 9,200 110 6 19 6.8 10.7 6 0.8 54.7 6 2.9 820 6 150 2 6 0.3 62.7 6 3.0 45.3 6 2.9 58,000 6 10,500 115 6 21 6.0 16.7 6 1.2 34.1 6 2.5 2,100 6 420 4 6 0.8 63.9 6 2.6 65.9 6 2.5 60,100 6 12,000 120 6 24 a Spherical geometry is assumed. for the PSF sample versus 0.0033 6 0.0008 mM s 21 for buffer alone). These results show that PSF exhibits a marked ferroxidase activity at pH 6.0. In concurrence with this conclusion, TEM revealed that iron cores of less than 8 nm diameter were formed (Fig. 9B) , although their shapes were irregular compared with those in wild-type holoPSF (Fig. 9A, a) . Thus, PSF molecules have the ability to incorporate iron into their protein shell to form the iron cores at pH 6.0.
Lack of Protein Aggregation in EP-Deleted PSF
Unlike PSF, animal ferritins such as HoSF and HuHF do not have the same association/dissociation properties under similar experimental conditions (data not shown). This implies that EP is involved in protein aggregation. To confirm this possibility, EP-deleted PSF was mixed with buffer solutions of different pH values (6.0, 6.5, 7.0, and 7.5) under identical conditions. The results showed that there is no protein aggregation in the absence of EP (Fig. 4B) , indicating that EP also participates in pH-regulated protein aggregation. Further support of this conclusion comes from TEM analysis showing that the iron cores of EPdeleted holoPSF (Fig. 9A, b) are more dispersed than those within wild-type holoPSF, indicating that most of the protein molecules remained in the dissociated state.
Comparison of the Rate of Iron Release from Wild-Type and EP-Deleted HoloPSF
The rates of ascorbic acid-induced iron release from wild-type holoPSF and EP-deleted holoPSF were compared to discover the physiological function of PSF autodegradation. Since the amyloplast pH ranges from 5.8 to 6.2 at different germination periods, the amount of ferrous atoms released from the ferritin shell was monitored at pH approximately 6.0 through the formation of the Fe 2+ -ferrozine complex. The iron contents of both EP-deleted and wild-type holoPSF are the same, at 1,800 6 300 iron atoms per protein. Iron release from EP-deleted holoPSF was significantly faster than that from wild-type holoPSF. The initial rate of iron release from EP-deleted holoPSF (0.61 6 0.05 mM s
21
) is approximately 11-fold larger than that from wild-type holoPSF (0.057 6 0.010 mM s
; Fig. 10) . A similar observation was obtained at higher pH values (6.5 and 7.0; Table III ). These results indicate that the removal of EP from PSF favors iron release from the protein shell to a large extent. 
DISCUSSION
This study demonstrates that PSF has pH-regulated assembly properties that have not been recognized previously. The soluble and insoluble components obtained from gel filtration chromatography at pH 6.8 (Fig. 1) have been shown to be electrophoretically pure PSF (Fig. 2 ) that correspond to dissociated and associated forms, respectively. They interconvert depending on pH (Fig. 3) 
Aggregates
Biochemical analyses indicated that both the soluble and insoluble forms have identical ferroxidase activity and iron-protein ratio within experimental uncertainty (Table I) . Moreover, native PAGE and SDS-PAGE and MALDI-TOF-MS results showed that the two forms exhibit identical mobility patterns (Fig. 2) and have almost the same PMF spectra (Supplemental Figs. S1 and S2). DLS data establish that monomeric PSF, at pH 7.5, is the dominant species accompanied by a small amount of aggregates, whereas most PSF exists as aggregates at pH 6.0 ( Fig. 5 ; Table II) .
The solubility transition shown in Figure 3 occurs at approximately pH 6.5, possibly because this pH value is very close to a pI for PSF of 5.7 (Li et al., 2009a ). Both EP domains from H-1 and H-2 subunits are the same and have the amino acid sequence of TTAPLTGVI-FEPFEEVKKDYLAVP (Supplemental Fig. S6 ), which contains four acidic residues (three E plus D) and two basic residues (K). Each plant ferritin has up to 24 EP domains. After all the EP domains are removed from the protein, plant ferritin should become more basic, resulting in its pI shifting up to a much higher value. This might be an important reason why removal of the EP leads to protein dissociation (Fig. 4B) .
The insoluble form of PSF obtained from purification at pH 7 has been designated previously as phytosiderin (i.e. degraded and precipitated phytoferritin; Laulhere et al., 1989) . In the previous study, the insoluble protein was almost completely composed of 26.5-kD subunits and cross-linked subunit dimers, which were both derived from radical damage from Fenton chemistry (Laulhere et al., 1989) . The pHinduced reversible reaction observed in this work represented by Equation 1 is likely a property of the native protein. In the samples studied here, the 28.0-and 26.5-kD subunits are the major subunits, and there is no evidence of dimers (Fig. 2) . A recent mass spectral study of the subunits suggests that the 26.5-kD subunit in the type of samples investigated in this study is the product of a gene distinct from the one encoding the 28-kD subunit and is not simply derived from the degradation of this subunit (Li et al., 2009b) .
In contrast to PSF, neither HoSF nor HuHF forms observable aggregates when pH is reduced and other conditions are kept constant (data not shown), indicating that PSF is unique in this regard. The assembly property of PSF may be relevant to its function as the major form of iron storage in seeds (Marentesa and Grusaka, 1998; Briat et al., 1999) . Consistent with this view, the pH of amyloplast in dried pea seed was found to be approximately 6.0, indicating that low pH accompanied by low water content of dried seeds would favor PSF aggregation. TEM analysis revealed that the majority of PSF molecules exist in the associated state at pH 6.0 (Fig. 9A, a) , supporting the conclusion above. The associated form of PSF is believed to be more stable and better suited for long-term storage of iron.
This work also demonstrates that the specific EP domains located on the outer surface of phytoferritin play an important role in the control of protein association/dissociation. Upon removal of EP from wildtype PSF, protein association completely disappeared (Fig. 7 ) at all pH values tested (Fig. 4B) . This conclusion is supported by TEM analysis showing that the iron cores of EP-deleted holoPSF are markedly dispersed compared with those of wild-type holoPSF (Fig. 9A, b) . The physiological significance of this observation lies in the occurrence of PSF autodegradation during storage due to the protease-like activity of EP (Fig. 8) ; the degree of degradation is positively proportional to storage time (Fig. 6) . Previous studies have shown that slightly degraded holo soybean seed ferritin, which mainly consists of an approximately 22.0-kD subunit (Sczekan and Joshi, 1987) , can be directly separated during seed germination. Thus, previously observed holo soybean seed ferritin degradation actually corresponds to degradation by EP. In vivo experiments have shown that the amount of degraded holoPSF increases with increasing soaking time (Lobréaux and Briat, 1991; Van Wuytswinkel et al., 1995) , thus indicating that protein degradation occurs constantly in vitro and in vivo. Therefore, PSF molecules most likely exist in the dissociated state due to EP degradation during germination and growth of seedlings, even though the pH of amyloplast is approximately 6.0. Dissociated PSF molecules become more soluble (Laulhere and Briat, 1993) , which possibly facilitates the release of iron complements from the protein due to a faster reaction between a reducing agent such as ascorbic acid and holoferritin in order to meet the demand of various key physiological processes, such as electron transfer and DNA synthesis in the seedling stage (Ambe et al., 1987; Marentesa and Grusaka, 1998; Briat et al., 1999; Theil, 2004) . Based on the crystal structure of phytoferritin (Masuda et al., 2010) , the EP stabilizes protein structure by interaction with the Ca-helix. Therefore, either removal or autodegradation of the EP destabilizes the structure of the protein, resulting in an increase of 3-or 4-fold channels in size, finally causing an increase in the rate of iron release from ferritin. Indeed, the rate of iron release from EP-deleted holoPSF at pH 6.0 is pronouncedly larger than that from wild-type holoPSF (Fig. 10) . In agreement with this observation, the majority of iron in soybean seed is stored within ferritin (Ambe et al., 1987; Theil, 2004) , and two-thirds of it moves from bean cotyledons to the seedling axis during the first week of germination (Biddulph, 1951) . Fast iron release from ferritin might be beneficial to the above-mentioned processes. Alternatively, phytoferritin is not only an iron depot but a phosphorus storage molecule, with an iron:phosphorus ratio of less than 3:1 (Waldo et al., 1995; Harrison and Arosio, 1996) . Phosphate ions accompanying iron release are liberated more quickly from EP-deleted Figure 9 . A, Transmission electron micrographs of iron mineral cores (approximately 1,800 iron atoms per shell) within the protein cage of wild-type holoPSF (a) and EP-deleted holoPSF (b) at pH 6.0. B, Transmission electron micrograph of iron mineral cores reconstituted by adding approximately 1,000 iron atoms per shell in 10 increments to apoPSF in 50 mM MES at pH 6.0. The sample was unstained to just show iron cores. Figure 10 . Comparison of iron release from wild-type (WT) holoPSF (bottom trace) and holoPSF with the EP deleted (top trace) in the presence of ascorbic acid at pH 6.0. The condition was holoPSF or holoPSF with the EP deleted concentration = 0.2 mM and ascorbic acid concentration = 2 mM, in 100 mM MES and 100 mM NaCl, at 25°C. holoPSF than its analog, once again favoring the physiological processes above (Lobréaux and Briat, 1991) .
As a typical inhibitor of Ser proteases, PMSF is able to prevent EP degradation while other types of protease inhibitors are not (data not shown), suggesting that EP degradation stems from its Ser protease-like activity. Direct evidence of this view comes from protease activity measurements showing that the EP exhibits significant hydrolyzing activity against two peptide-MCA substrates, Boc-Gln-Ala-Arg-MCA (Fig. 8A) and N-succinyl-Ala-Phe-Lys-MCA (Fig. 8B) . Further support for this conclusion comes from the observation that BSA was degraded in the presence of the EP, whereas such degradation induced by the EP was inhibited in the presence of PMSF (Supplemental Fig.  S8 ). Although there are no Ser residues in the EP, this specific domain contains three Thr residues, which are very similar to Ser in structure. Thus, one or more of these three Thr residues might stay in the active site of the EP. Consistent with this idea, it has been established that the hydroxyl group of the N-terminal Thr residues is the catalytic nucleophile in proteasomes (Kisselev et al., 2000) .
The PSF aggregate formed by the reduction of pH below 7.0 (Fig. 4A ) remains stable indefinitely (data not shown). In contrast, the protein aggregate induced by Fe 3+ bound on the EP of PSF dissociates back into its monomeric state after translocation of the bound iron from the outer surface to the mineral core (Li et al., 2009a) . These indicate that the mechanisms of protein association induced by pH and Fe 3+ are different. However, the EP domain is involved in both processes, emphasizing its important role in iron regulation by phytoferritin.
In conclusion, this study demonstrates that, in contrast to animal ferritin, phytoferritin association is greatly facilitated by low pH (approximately 6.0), thus allowing long-term iron storage in seeds. During seed germination, EP autodegradation occurs, which then results in reversible protein dissociation. This dissociation is correlated with a significant increase in ascorbate-induced iron release from ferritin. This represents a novel mechanism through which plant ferritin controls iron into and out of the inner cavity.
MATERIALS AND METHODS
Preparation of Wild-Type HoloPSF, Wild-Type ApoPSF, and EP-Deleted PSF Wild-type holoPSF was purified from dried pea (Pisum sativum) seed through the reported method (Laulhere et al., 1988) with slight modifications. Briefly, pH 6.8 was used in this study instead of the pH 7.5 used previously. ApoPSF was prepared as described recently (Li et al., 2009b) . EP-deleted PSF was prepared according to the reported approach (Li et al., 2009a) . Reconstituted holoPSF with an iron core size of 1,000 iron atoms per shell was prepared as described earlier (Lee et al., 2002) . All protein concentrations were determined based on the Lowry method using BSA as a standard.
PAGE
The molecular masses of native PSF and EP-deleted PSF were estimated by PAGE using a 4% to 20% polyacrylamide gradient gel run at 40 V for 10 h at 4°C with Tris-HCl (1.5 M, pH 8.3) as running buffer. Gels were stained with Coomassie Brilliant Blue R-250. Gel electrophoresis under denaturing conditions was performed using a 12.5% polyacrylamide-SDS gel as reported by Laemmli (1970) . Protein samples (approximately 20 mg) were suspended in 50 mL of water mixed with 100 mL of sample buffer containing 25% glycerol, 12.5% 0.5 M TrisHCl (pH 6.8), 2% SDS, 1% bromphenol blue, and 5% b-mercaptoethanol.
Peptide Mass Fingerprinting by MALDI-TOF-MS
PSF subunits were separated electrophoretically using a 12.5% SDS-polyacrylamide gel and were then transferred to a polyvinylidene difluoride membrane. The membrane was stained with 0.1% Ponceau S (Sigma) in 2% (v/v) acetic acid, and two distinctive bands of 28.0 and 26.5 kD were independently cut from it. Mass spectra of MALDI-TOF-MS were obtained through a Bruker Ultraflex III TOF/TOF device (Bruker Daltonik) in positive ion mode with an accelerating voltage of 20 kV and using a nitrogen laser (337 nm). The spectra were internally calibrated using trypsin autolysis products. Samples were prepared as described previously (Ravet et al., 2009 ).
Analysis of Amino Acid Composition
Samples for amino acid analysis were dialyzed against 0.05 M Tris-HCl (pH 7.5) and 0.1 M KCl and then hydrolyzed for 20 h in 6 N HCl, 0.05% b-mercaptoethanol, and 0.02% phenol at 115°C. After evaporation of samples, pellets were resuspended in 0.2 M sodium citrate (pH 2.2). Amino acid composition was determined using an LKB Alpha analyzer calibrated with 10 ng of each amino acid.
Stopped-Flow Light Scattering and DLS Experiments
pH-induced ferritin aggregation and dissociation were observed using the Cary Eclipse spectrofluorimeter at 25°C with both excitation and emission wavelengths set at 680 nm, scattering light at 90°perpendicular to the beam (Li et al., 2009a) . Time-dependent change in scattering intensity was recorded after mixing a series of solutions containing 100 mM MES and 100 mM MOPS at different pH values (6.0, 6.5, 7.0, and 7.5) with apoferritin (1.0 mM) in 1 mM MOPS (pH 8.0). All quoted concentrations are final concentrations after mixing of the two reagents. Mixing dead time was determined to be 6.8 6 0.5 ms using the dichloroindophenol and ascorbic acid test reaction (Tonomura et al., 1978) .
DLS experiments were performed at 25°C using a Viscotek model 802 dynamic light-scattering instrument (Viscotek Europe) as described previously (Li et al., 2009a) . The OmniSIZE 2.0 software was used to calculate the size distribution of aggregated protein from the reduction in pH or the increase in ferric ion. All samples, unless stated otherwise, were allowed to stand for 1 h prior to DLS measurement to ensure that association reactions were complete.
pH Measurement of Amyloplast from Pea Seed Cotyledons and Iron Oxidative Deposition in PSF
The amyloplast was separated from pea seed cotyledons as described previously (Denyer and Smith, 1988) . Amyloplast pellets were crushed using an oscillator for 10 min. The pH value of the supernatant after centrifugation Oxidative deposition of iron in PSF (0.5 mM in 50 mM MES) at pH 6.0 was investigated during both low (48 iron atoms per shell) and high (200 iron atoms per shell) iron flux (Zhao et al., 2003) . Conventional UV absorption kinetic experiments on Fe 3+ oxo(hydroxo) species formation were performed on a Cary 50 spectrophotometer, which was calibrated using 0.5 mM ferritin solution as a blank. Two to 8.3 mL of 12 mM FeSO 4 (pH 2) was injected into a 1-mL protein solution using rapid spin bar stirring. Time-dependent absorbance kinetic traces at 25°C were collected using the Cary 50 kinetic software. Kinetic data were further analyzed using Origin 7.5 software (Microcal). The initial rates of iron mineralization detected from UV absorbance changes at 300 nm were obtained from the linear A1 term of a third-order polynomial fitted to the experimental data, as described previously (Zhao et al., 2003) .
Determination of EP Protease-Like Activity
Potential protease activity was determined as described previously (Morita et al., 1977; Guo et al., 1998) with slight modifications. Enzyme assays using peptide-MCA substrates (Boc-Gln-Ala-Arg-MCA and N-succinyl-Ala-PheLys-MCA) were performed by fluorometric determination of liberated 7-amino-4-methylcoumarin. Briefly, 3.94 mL of 50 mM Tris-HCl buffer solution (pH 8.0) containing 100 mM NaCl and 10 mM CaCl 2 was added to 40 mL of peptide MCA substrate dissolved in 10 mM dimethyl sulfoxide, followed by mixing with 20 mL of EP in a fluorescence cuvette at 25°C. 7-Amino-4-methylcoumarin liberation by enzymatic hydrolysis was monitored using a Cary Eclipse spectrofluorimeter (Varian) at 25°C for 120 s. Fluorescence was measured using an excitation wavelength of 380 nm and an emission wavelength of 460 nm. Control samples were prepared under the same conditions, except that the protein solution was replaced with either 20 mL of BSA (40 mg) or 20 mL of Alcalase (1,000-fold dilution of Alcalase 2.4L).
Kinetics of Iron Release from Holoferritin
Iron release from PSF was investigated with a stopped-flow instrument (Hi-Tech SFA-20M apparatus) in conjunction with a Cary 50 spectrophotometer (Varian) using the assay procedure described previously (Deng et al., 2010) . All concentrations stated were final after mixing of two reagents. Mixing dead time was determined to be 9.2 6 0.5 ms using 2,6-dichlorophenolindophenol and ascorbic acid test reaction (Tonomura et al., 1978) . The development of [Fe 3 ] 2+ was measured by recording the increase in A 562 , while iron release was estimated using « 562 nm = 27,900 M 21 cm 21 (Stookey, 1970) . The initial rate of iron release was measured as described previously (Zhao et al., 2003) .
Characterization of the Iron Core by TEM
TEM data were collected through a Hitachi S-5500 scanning electron microscope operating at 30 kV. Samples were concentrated using Microcon ultrafilters (Microcon YM-100) with a 100-kD cutoff and then transferred to carbon-coated copper grids. Samples were unstained (Douglas and Stark, 2000) .
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number AAB24082.1.
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